Abstract -Electromechanical actuators are currently being examined as a replacement for the hydraulic systems used in thrust vector control and propellant control valves on space vehicles. The flow of energy from the source to the load in these high power electromechanical systems is controlled via a three-phase inverter. This paper presents an investigation into and design of a zero-voltage-switched three-phase inverter for utilization in an electromechanical actuator system. The operation of this inverter is described and design equations are developed. Experimental results from a 5 Hp prototype are presented.
INTRODUCTION
Hydraulic actuation systems are currently utilized in many space vehicles. These systems have many drawbacks. Their weight is often quite high because they require a central pump and a tank with sufficient capacity for fluid storage. Safety issues are related to the presence of high pressures in these systems and to leaks of potentially hazardous fluids. These concerns may be amplified in space where outgassing may decrease seal lifetime. In addition, outgassing and leakage may not be acceptable in sensitive environments. Hydraulic systems also present problems in the area of reliability and robustness ( a leak at one point in the system can degrade the performance of the entire system). Electrohydraulic systems are a decentralized approach for hydraulic systems. The central pumping system is eliminated in favor of local hydraulic system pressurized by smaller pumps, which in tum are driven by electric motors. However, problems with leaks and outgassing still exist.
NASA is evaluating electromechanical actuators (EM As) as an altemative to hydraulic systems on space transportation vehicles [ 11. In the electromechanical systems, a three-phase inverter modulates the flow of electrical energy from a source such as a battery to an electric motor. The rotary motion of the motor is converted to linear motion through the use of a device such as a ball screw. The position of the linear actuator is measured and compared to a position command signal. The resulting error signal controls the operation of the inverter.
The Component Development Division of the Propulsion Laboratory at Marshall Space Flight Center (MSFC) is investigating electromechanical actuators for applications such as thrust vector control and propellant control valves. These EMAs, which utilize brushless dc motors, require compact, rugged, and reliable three-phase inverters which operate from a 270 Vdc bus at current levels on the order of hundreds of amperes. In this high power system, switching of the large inductive motor currents can rcsult in considerable switching losses and switching stresses in the semiconductors and in EMI. This is particularly true when the devices are hard-switched, which is characterized by thc simultaneous presence of voltage across and current through the semiconductor during the switching transition. Soft-switching occurs when the semiconductors are switched at zero voltage and/or zero current and results in reduced switching stresses, switching losses, and EMI.
This desirable soft-switching characteristic can be achieved in many cases with the addition of a waveshaping circuit between a three-phase inverter and its source. Instead of a "stiff" dc source, this circuit shapes the inverter input voltage such that it has a value of zero for certain periods of time. The semiconductor devices in the inverter are switched during these zero voltage intervals. The resonant dc link (RDCL) inverter In the RDCL inverter, the link voltage, which is the input voltage to the three-phase inverter, continually resonates to zero. A different approach to achieve periods of zero input voltage is presented in [4-61. The waveshaping circuit and the three-phase inverter are operated in a master-slave arrangement. When the control circuit for the three-phase inverter determines that the status of an inverter switch needs to be changed, a command is sent to the waveshaping circuit to produce a zero voltage interval. The link voltage is clamped at zero by the waveshaping circuit, which signals the inverter control circuit that zero voltage has been reached. After the status of the inverter switches is changed, the waveshaping circuit returns the inverter input voltage to the dc source vol rage.
The zero-voltage period is achieved by disconnecting the dc source from the three-phase inverter via a switch in the waveshaping circuit. The dc source is reconnected after the inverter input voltage is released from zero. The operation of the waveshaping circuit is analogous to a mechanical clutch for manual transmission in an automobile. This paper reviews the operation of the zero-voltageswitched (ZVS) 
ZVS INVERTER
The ZVS inverter [4, 7. 81 examined here can be seen in Fig. 2 . It is composed of a three-phase inverter and a waveshaping circuit, which will be referred to as the parallelresonant dc link (PRDCL) circuit. This circuit consists of two capacitors, one inductor, and four switches. Switch S, is redundant, since its function can be performed by the switches in the three-phase inverter. M a w ! [tl. 121 Once the inductor current has reached I,, switch Si is tumed off at zero voltage disconnecting the souice V, from the rest of the circuit so that vc2 will ring down to zero. The equivalent circuit for this mode is given in Fig. 5b . The inductor current increases sinusoidally from an initial value of I, to a peak value of 1~" . The energy stored in the inductor begins to discharge capacitors C1 and C2. This interval ends when vc1 = vm = 0.
MQMZ U2, 131 Since the end of Mode I1 is signaled by the capacitor voltage vc2 reaching zero, this voltage can be monitored and used as a control signal to tum switch S2 off and switch Sr on at zero voltage. The equivalent circuit for this mode is given in Fig. 5c 
ModeVb. tsl
This mode begins when S1 is turned on at zero voltage. The equivalent circuit for this mode is given in Fig. 5a . Both of the capacitor voltages have a value of V, during this mode. The inductor current begins this mode with a negative value and 
Io
Modes I -V may be analyzed to develop a set of design equations for the PRDCL circuit [4, 7, 81. The length of each "c2 --circuit for this mode is shown in Fig. 5d . +-c2 mode is given in equations ( 1 -5).
The current I,, which is the control level for the termination of Mode I. may also be expressed in terms of the same variables
VClmmt which is the peak value of vcl, is related to ILmax by equation ( The development begins with the substitution of equation (6) into equation (8) I ' Equation (9) is modified by substituting for w, from above and then rearranging
(10)
Note that VClmax is now expressed in terms of V,, L, t32, and the ratio of capacitances Cz and C1. Define cratio = Cz/Ci. Equation (10) can now be rewritten as
( 1 1) Other circuit quantities can be expressed in terms of the same variables as VClmax. The PRDCL circuit may be designed using equations (1 -6) and (11 -14) along with the relationships for w, and a,.
AS stated previously, a trade-off exists between VClmax and ILmax. Equations (1 1) and (1 2) relate these quantities to V,, Io, cratio, t32, and L. VClmax determines the minimum voltage rating for switch S2. ILmax determines the current rating for switch S3 and influences the design of the inductor L. Since V, and b m a x are usually specified for a system, cratio and the quantity (L/t32), which is designated as the variable ratio, may be adjusted to reduce both of these values. Both VClmax and I h m are directly proportional to the square root of cratio. The variable cratio could be set equal to zero, which is equivalent to removing C2 from the circuit. However, this capacitance is retained for filtering at the input to the three-phase inverter [8].
It can be seen in equation (1 1) that the relationship between VClmax and ratio is described by a straight-line. Examination of equation (12) indicates that I h a x is inversely proportional to ratio. It approaches the value of Io for large values of ratio. Fig. 6 is a Both curves in Fig. 6 shift upward as the value of cratio increases. The variable cratio also determines how the current divides between C1 and C 2 in Figs. 5a and 5b. For example, cratio = 0.1 will result in approximately ten times as much current flowing through C1 as C2.
Various circuit quantities may be calculated using the equations presented previously. Let cratio = 0.1, L/t32 = 1, V, = 270 V, and IOmax = 100 A. A zero-voltage interval t32 is selected to be 5 ps. 
DELAY CIRCUIT LM621
This section discusses the control system for the brushless dc motor shown in Fig. 7 conduct for a one-sixth of a cycle followed by the conduction of TI and Tg for the next one-sixth of a cycle and so forth.
The current controller regulates the current flow into the brushless dc motor. The drive signals for the switches in the three-phase inverter are modified based on a comparison of the current reference, i,f, and the measured current, Of the two switches conducting during one-sixth of a cycle, the top switch remains on, and the bottom switch is toggled on and off to control the current. When the measured current is below the reference current, the bottom switch is tumed on causing the measured current to increase. When the measured current exceeds the reference current, the bottom switch is tumed off causing the current to decrease due to the back emf of the motor.
The measured current, obtained using a Hall effect current sensor, provided to the current controller should be the motor phase current. All three motor currents could be measured using three current sensors. As an alternative, two of the three currents could be measured and a signal proportional to the third, unmeasured current synthesized using operational amplifiers. With a goal of reducing the number of current sensors, this controller utilizes a single current sensor to measure the inverter input current. This current is equal to the motor phase current when the two switches are conducting. When the bottom switch is toggled off, the inverter input current is not equal to the motor phase current but falls to zero. A fixed time delay is inserted into the current controller to prevent the bottom switch from being tumed back on almost instantaneously due to the measured current being zero. The amount of time delay required depends on quantities such as the motor inductance and will vary from system to syslem. As a result, this current controller parameter must be tuned for a given system. This current measurement, which is proportional to Io in Fig. 3 , may also be utilized by the resonant link controller to vary I, with the load. The calculated values for I L , , ,~~ and I, are less than their corresponding measured values, while the measured value of (t5 -to) is larger than the calculated value.
Zero-voltage switching of the IGRTs in the three-phase inverter is illustrated by simultaneously monitoring VQ and the drive signal for one of the IGBTs. In Fig. 8b , the to trace is v a while the bottom trace is a drive signal. A l f V level indicates that the IGBT is now on. It can be seen in this figure that the drive signal does not change to the 15 V level until the voltage reaches zero. The turn-off of the IGBT also occurs at zero voltage as can be seen in Fig. 8c . The top trace is the voltage vc2 and the bottom trace is the drive signal. The transition from the 15 V level to zero, which indicates that the IGBT is off. does not occur until the voltage in the top trace has reached zero.
The current control schcme discussed in the previous section is illustrated by the waveforms in Fig. 8d During the time that the bottom switch is off, the current flowing in the motor is decreasing due to the motor's back emf. With the tum-on of the bottom switch at the end of the 50 ps interval, the inverter input current again equals the current flowing in the motor and begins to increase.
SUMMARY
The EMA systems proposed for future space transportation applications are high power systems operating at voltages up to 270 Vdc and at current levels on the order of hundreds of amperes. The position of the actuator is controlled by modulating the flow of energy from the source to an electric motor with an inverter. Hard-switching of the semiconductor devices in the inverter results in considerable device switching stresses and losses and in the generation of substantial amounts of EMI. Both of these can be reduced by employing zerovoltage-switching techniques in the inverter.
This paper has discussed a zero-voltage-switching inverter which allows a quasi-PWM operation. A waveshaping circuit is added to the front of a standard three-phase inverter to achieve the desired switching properties. This circuit causes the input voltage of the three-phase inverter to ring to zero where it is clamped for a short period of time. During this zero-voltage period, any of the semiconductor switches in the three-phase inverter are switched on or off at zero voltage resulting in a reduction in switching losses and EMI. The operation of this waveshaping circuit and its interaction with the three-phase inverter have been described. Design relationships have been developed for calculating component values for the circuit elements in the waveshaping circuit. A block diagram for the brushless dc motor controller has been presented and discussed. The current control scheme employed in the controller has also been described.
The PRDCL circuit has some advantages and disadvantages. One advantage is that the only component which lies in the main transfer path from the source to the load is switch SI. As a result, the design and construction of L is simpler than that for the RDCL inverter. Another advantage is that the link voltage is clamped at the input voltage. This is particularly important for a space application where a reduction in breakdown voltage due to the space environment is a concern. The extra complexity required to achieve zerovoltage switching is a disadvantage. The PRDCL circuit has three switches whose operation must be coordinated properly. Improvements in the implementation of the system of Fig. 7 include a reduction in the tuning requirements discussed in Section 3. Utilization of two current sensors, instead of one which measures the inverter input current. can eliminate tuning requirements in the current controller. Another modification for the current controller is the addition of a tolerance band to eliminate the offset which is present due to switching when the measured current reaches the reference current. [7]
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